Fertigation with surface drip has been introduced and broadly applied for vegetable cultivation in the Eastern China, which presents high precipitation and always has shallow groundwater. To estimate the influence of high groundwater level on the tomato nitrogen (N) and water use efficiency and develop new sensor-based fertigation technology, experiments were executed in plastic greenhouse in the experimental farm of Yangzhou University located in the suburban of Yangzhou city during 2016-2017 growing seasons using a block randomization with three replications. Three N dosages and 4 watering treatments were carried out in this experiment. The data indicated that irrigation threshold of -35 kPa was optimum to get the maximum production of tomato. In this treatment, the value of estimated plant evapotranspiration (ETc) was much higher than total applied water volume, suggesting high groundwater table had a significant contribution on the tomato ETc and a sensor-based irrigation strategy should be more accurate than the simulated ETc irrigation method to calculate the water demand under this condition. In addition, our results indicated that high groundwater level had a positive effect to alleviating N leaching. Finally, we can conclude that fertigation technology enhanced the N use efficiency (NUE) and water use efficiency (WUE) and three fourths of the calculated N dosage (according to a traditional nutrient equation) was sufficient to optimize tomato yield.
Introduction
The middle and lower reaches of Changjiang River in China range from 111° to 123° east longitude and 27° to 34° north latitude, covering an area of about 200,000 km 2 . In this region, the elevation is 5 m to 100 m (mostly below 50 m), the annual precipitation is 1000 to 1400 mm and the mean annual temperature is 14 to 18 °C (http://www.cma.gov.cn/). As a result, the water table of this region always remains at a high level. Due to its warm and humid climate, the middle and lower reaches of Changjiang River is one of the most important regions for vegetable production in China. Un-heated plastic greehouse is the most popular facility for vegetable production in this region. Annual thermophilous vegetables, such as solanaceous crops, beans and cucurbits, are always delayed-cultured in the autumn or accelerating-cultured in the spring in these walk-in plastic greenhouses. According to the official data, in 2013 there were about 1.7 million hectares of un-heated plastic greenhouse in China, among which about 0.44 million hectares were located in the middle and lower reaches of Changjiang River (Ministry of Agriculture of China, 2014) .
Tomato is one of the most popular vegetables grown in these walk-in greenhouses in the middle and lower reaches of Changjiang River because of their delicious taste and high nutritional value. Tomato is a long season crop with high water and nitrogen (N) requirements and tomato yield is sensitive to the deficiency of soil water and N (He, Q. Chen, Jiang, X. P. Chen, & Zhang, 2007; Wang & Xing, 2017) . On the other hand, growers always apply excessively irrigation water and high N rates to minimize risk of yield reductions due to water and N limitations, which usually cause serious water and N loss. Therefore, the irrigation and fertilization strategy should be carefully managed to minimize the water and N leaching without yield reduction. The response of tomato nitrogen use efficiency (NUE), water use efficiency (WUE) and yield to different irrigation and fertilization programs has been studied detailedly in different regions of the world in the past decades (Du, H. X. Cao, Liu, Gu, & Y. X. Cao, 2017; Hou et al., 2017; X. L. Li, Liu, G. T. Li, Lin, & Jensen, 2010; Wang & Xing, 2016; Zotarelli, Scholberg, Dukes, Muñozcarpena, & Icerman, 2009 ). The optimal schedule varied among different reports, depending on the cultivation methods, the soil properties and the climate conditions.
Recently, owing to the growing labor cost and the rising attention of the agricultural source pollution, fertigation with surface drip and plastic mulch culture has been commonly used in this region. In addition, the sensor-based automatic irrigation system has gradually been applied to realize the precision irrigation and further reduce the labor cost. However, little study about fertilization and irrigation management has been conducted for these new vegetable production systems. On the other hand, researches about the nitrogen and water management of tomato were always conducted in the semi-arid or arid areas (Du et al., 2017; He et al., 2007) . Unlike these semi-arid or arid regions, the middle and lower reaches of Changjiang River has plenty of rainfall and high groundwater level. According to our measurements, the depth of groundwater table is easily to be found less than 1 m in vegetable greenhouses at different sites in this area. It was reported that the shallow groundwater always has a considerable contribution to the total crop water requirement (Han, Zhao, Šimùnek, & Feng, 2015; Liu, Pereira, & Fernando, 2006; Ramos, Simionesei, Jauch, Almeida, & Neves, 2017; Wu, Liu, Paredes, Duan, & Pereira, 2015) . Therefore, the management of fertilization and irrigation of vegetable crops should be different widely between arid and humid regions. However, up to date little research has focused on the water and N application strategies in shallow water table regions.
The purpose of this study is to investigate the response of tomato yield, dry matter, N uptake and N leaching to different fertilization and irrigation programs and collect data to improve the sensor-based fertigation technology for plastic walk-in greenhouse tomato cultivation in the middle and lower reaches of Changjiang River.
Materials and Methods

Experimental Site and Soil Properties
During spring-summer seasons in 2016 and 2017, the experiment was carried out at a vegetable farm (32°68′82″N, 119°59′10″E) in Yangzhou, Jiangsu Province, a typical region of the middle and lower reaches of Changjiang River. The year-round average temperature at the experimental site is 16.2 °C. The average annual rainfall is approximately 1021 mm, of which about 225 rainfall occurs in the spring (from March 1 to May 30) and 480 mm in the summer (from June 1 to August 31). Average annual evaporation is 937.7 mm (from the free water surface). Silt loam represents the main soil texture at the experiment region. The chemical and physical characteristics of the soil was shown in Table 1 . 
Crop Management and Treatments
The experiments were executed in the typical un-heated plastic greenhouses. These walk-in tunnels for experiment were 50 m long, 8 m wide, 2.3 m high and oriented south-north, which are typical in the middle and Note. * Irrigation times and irrigation water dosages include the 45 mm water applied at the first day and the same amount water at the second day after transplanting, respectively.
A sensor based irrigation system was applied in this experiment. Four irrigation schedules were set up as: -50 to -35 kPa, -35 to -20 kPa, -20 to -5 kPa, and -50 to -5 kPa. Prior to the beginning of the irrigation treatments, plants were applied with 45 mm water at the first day and the same water amount at the second day after transplanting for a better plant establishment. The exact values of irrigation time and dosage of the treatments were list in Table 3 . The last irrigation was at June 25 in 2016 and June 29 in 2017, respectively.
In this experiment, each greenhouse contained 4 plots, as shown in Figure 1 . Thus, each replicate included 3 tunnels. The experiment included 3 replicates and totally need 9 tunnels per year. To block the cross movement of N and water, in the same tunnel, plots were segregated with PVC plates (depth of 0.5 m). The fertigation system was controlled independently to allow us conducting the randomized block factorial experimental design.
Measurements
Soil samples (0 to 30 cm) were taken for parameter analysis listed in Table 1 , according to Lu (1999) . The groundwater level was monitored by water table sensors (YKKT-1E, Xian Xingyi Yibiao Technology CO., LTD, China), one sensor per greenhouse. A weather station (NHQXZ601, Wuhan Zhongke Nenghui Technology Development CO., LTD, China) was equipped in one of the experiment greenhouses to collect weather data for ET 0 estimation. The rainfall data was collected by another weather station set up outside the greenhouses. Flow meters were used to control the irrigation water dosage of each treatment (one flow meter per plot).
Total fruit weights harvested from each plot were record (transformed into kg ha -1 ). After the last harvest, 5 plants in each replicated plot were selected randomly to measure the dry weight of roots, fruits, stems and leaves (including the harvested fruits and pruned side shoots). The dry matter of different organs was assayed by drying samples at 65 °C to a constant weight and total dry weight was evaluated as the sum dry matter of all organs. The N contains of roots, fruits, stems and leave were measured by the micro Kjeldahl protocol of digestion and titration individually (Bremner & Mulvane, 1982) . The total N uptake was estimated using the dry matter and the N concentration of each tissue. Before planting, 3 self-made lysimeters were inbuilt in each plot with their collection surface at 30 cm depth to collect N leaching. The soil solution collected in each lysimeter was aspirated using a syringe with a long hose ( Figure 2 ). Water samples were sampled every 5 days from lysimeters. The receiver of the lysimeter is large enough to avoid the overbrimming. Total N quantities of the leachates in lysimeters were assayed using a continuous flow analyzer (Futura, Alliance, France). Nitrogen leaching (kg ha -1 ) 
Dry Matter
Similar to the response of fresh yield, the tomato dry matter of N2 and N3 was markedly higher than that of N1, while there was no remarkable difference of plant dry matter between N2 and N3. The similar irrigation× N interaction on tomato dry matter was also observed, i.e., In N1, the plant dry matter of different irrigation treatments was -35 to -20 kPa > -50 to -5 kPa > -20 to -5 kPa > -50 to -35 kPa. While in N2 and N3, it was -35 to -20 kPa > -20 to -5 kPa > -50 to -5 kPa > -50 to -35 kPa. There was no significant difference of plant dry matter data between 2016 and 2017. 
N Uptake
In all 4 irrigation treatments, the plant N uptake increased with the increase of N dosage from N1 to N3. A similar irrigation × N interaction was also observed in terms of N uptake, In N1 treatments, the order of N uptake amount was -35 to -20 kPa > -50 to -5 kPa > -20 to -5 kPa > -50 to -35 kPa. While in N2 and N3, it was -35 to -20 kPa > -20 to -5 kPa > -50 to -5 kPa > -50 to -35 kPa. The impact of experimental year on the N accumulation was also significant (2016 < 2017). In -50 to -35 kPa and -35 to -20 kPa, comparing with N2, N3 improved the plant N accumulation, but had no beneficial effect on tomato yield, suggesting a luxury N consumption happened in N3 in these conditions. 
N Leaching
The response of N leaching to different N and irrigation combinations was specific. As shown in Table 7 , the leached N remarkabely increased with the increase of the amount of N fertilizer and irrigation water used (N3 > N2 > N1, -20 to -5 kPa > -50 to -5 kPa > -35 to -20 kPa > -50 to -35 kPa. There was no significant difference of N leaching data between 2016 and 2017. The N leaching seasonal evolution of combination N2 -50 to -5 kPa and N2 -35 to -20 kPa in 2016 was list in Figure 4 . Basically, the N leaching amount revealed a downtrend during the crop season. Other combinations also showed similar tend (data not shown). The results also indicated that the large amount of irrigation water at the first two days after transplanting result in severe N leakage.
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Discussion
The study on sensor-based irrigation management has been conducted of many crops, including cotton, potato, onion, tomato and so on. The optional irrigation threshold of different crops always ranged from about -20 kPa to -40 kPa (Kang & Wan, 2005; Kang, Wang, Liu, & Yuan, 2004; Meeks et al., 2017; Shock, Feibert, & Saunders, 2000) . In this study, the best irrigation threshold is -35 kPa, which was similar to that of other crops. Montesano et al. (2015) reported that -30 hPa to -90 hPa of substrate matric potential was suitable for soilless tomato production, indicating a large difference of hydrodynamics between soilless and soil production systems. Higher soil moisture has no impact or even negative impact on NUE, N uptake, dry matter and yield. The extra water may cause more N loss or oxygen deficit in the root zone, which lead to a reduced yield (Fiebig & Dodd, 2016) .
In addition, high soil potential always has a negative effect on tomato fruit quality (Wang, Kang, Du, Li, & Qiu, 2011; Wang & Xing, 2017) . To deal with the water shortage or improve the WUE in arid or semi-arid regions, several researches have tried lower irrigation threshold during crop growth. Wang, Kang, and Wan (2007) set 5 irrigation treatments (irrigation thresholds from -10 kPa to -50 kPa) and found the soil matric potential did not affect the tomato yield significantly. Meeks et al. (2017) applied 4 irrigation thresholds (from -20 kPa to -100 kPa) prior to cotton flowering and suggested that -100 kPa irrigation threshold can be applied to reduce irrigation times without yield loss. However, in this study, low soil moisture (-50 kPa irrigation threshold) significantly reduced the tomato yield, dry matter accumulation and N uptake. The surface fertigation system and high ground water table may result in a shallow root distribution (mostly in the 20 cm soil, field observation, data not shown), which leaded to a high sensitivity to water stress of tomato plants.
In this study, we fail to calculate the ETc (crop evapotranspiration) of tomato plants with the equation of water balance ET (mm) = (Pi + I + C) − (R + D) + ΔSWC (in this equation, Pi means precipitation, I means irrigation, C mans the upward flux into the root zone, R means surface runoff, D means downward drainage out of the root zone and ΔSWC means the change in soil water content between planting and harvesting), since we could not obtain the exact data of C and D in a soil with high groundwater table. Thus, we estimated the plant ETc with the equation ETc = ET 0 × Kc, where ET 0 (reference crop evapotranspiration) was estimated using the CROPWAT Software version 8.0 (Smith, 1992) with weather data detected from the experimental greenhouses, and Kc means the crop coefficient. The Kc durations and values were according to our records during plant growth and the data from Sun et al. (2013) , similar tomato type and growth habit of this study). The estimated ETc of 2016 and 2017 was 353mm and 406 mm respectively, which was far more than the optimal irrigation water amount (258 mm in 2016 and 310 mm in 2017) in this study. These results suggested that high groundwater table had a significant contribution on the evapotranspiration of tomato plants, and a sensor-based irrigation program might be more accurate than the simulated ETc methods to evaluate the water need in this occasion. In addition, the -35 to -20 kPa treatment consumed similar irrigation water as -50 to -5 kPa treatment but obtain significant higher yield, dry matter and N uptake than those of -50 to -5 kPa treatment, suggesting that frequent irrigation is critical to reduce N leaching and improve WUE or NUE in this condition.
The data of this research revealed that the three forth of the recommended N rate was enough to obtain the optimal tomato yield and higher N dosage would cause luxury N consumption and serious N leaching. The parameters used to estimate the recommended N dosage in this experiment were used from the conventional fertilization practice in the local region directly, suggesting that the NUE of the sensor-based fertigation methods was remarkably higher than that of the conventional practice and the parameters about NUE should be reappraised for the new fertigation methods. Furthermore, our results indicated that the N leakage decreased and the groundwater level increased along the growth season and there was a negative correction between the N leakage and the groundwater level (Figures 3 and 4) . Morari, Lugato, Polese, Berti, and Giardini (2012) reported that soil N and water downward movement was retarded and N leakage was reduced by the high water table. Our results suggested that the high groundwater level may play a similar role in this study. In a word, the soil nutrient and water dynamics of the sensor-based fertigation system still need to be further researched to optimize the plastic tunnel vegetable management in this shallow groundwater region.
Conclusions
Surface fertigation-cultured tomato plants were sensitive to water supply in shallow water table regions. The results showed that the -35 to -20 kPa treatment was optimum to gain the highest tomato yield, NUE and WUE. In this treatment, the total irrigation water amount was far less than the value of estimated ETc, suggesting high groundwater level had a significant contribution on the tomato plant evapotranspiration. Comparing with conventional fertilization practice, the new sensor-based fertigation system improved the nutrient use efficiency significantly. The result indicated that three forth of the recommended N rate was enough for tomato growth and high N dosage cause luxury N consumption and severe N leakage. Finally, the recommended sensor-based fertigation strategy in these conditions was the combination of -35 to -20 kPa irrigation and three forth of the recommended N treatment, in which the highest tomato yield (121.9 tons ha -1 ), WUE and NUE were achieved (data from the experiment of 2016).
